Appropriate asset management requires the accurate prediction of the future performance of a structure until the end of its life cycle. However, predictions of concrete structure deterioration are often executed with uncertain information since structure qualities may differ from design due to construction errors. A more accurate prediction can be obtained by inspecting the actual structure, but random inspections are not useful since the entire structure should be maintained. If the influence of inspection on the accuracy of prediction results can be quantitatively evaluated, then an efficient inspection plan that prioritizes structures can be developed. In this research, a repair-risk method is proposed to quantitatively evaluate the effect of inspection on the accuracy of predicted results. The repair-risk was calculated using the predicted results of concrete deterioration caused by corrosion-induced damage due to salt attack. The repair-risk method also considers the risk curve of the repair cost. Even when multiple structures are to be managed, an inspection plan (selecting inspection items, evaluating the effect of the inspection method, and selecting structures) can be designed using the proposed method.
Introduction
The Ministry of Land, Infrastructure and Transport (2003, Fig. 1 ) forecast that in 2025 annual maintenance costs in Japan will reach approximately 9 trillion yen, which will represent approximately 70 to 80% of total annual construction investment forecast for that year. In 2020, huge stocks that were constructed during Japan's period of high economic growth will be approximately 50 years old. Consequently, maintenance cost will drastically increase. To address this problem, some researchers have proposed using asset management to efficiently maintain existing stocks. Asset management, which is based on the concept that the portfolio is optimized in order to maximize asset value, is one of the important tasks of banking circles. The sales transaction is one of the methodologies of asset management in the fields of finance and real estate. However, infrastructures cannot be treated as products subject to buying and selling and this point greatly differentiates them from financial products. Instead, an important point of asset management in the civil engineering field is to minimize life cycle cost while securing safety and user satisfaction as concerns facilities. As asset management in the civil engineering field lacks a clear definition, the definition and methodology of asset management are not discussed in this paper.
To appropriately perform asset management, the future performance of a structure must be accurately predicted until the end of its life cycle. However, predictions of concrete structure deterioration are often executed with uncertain information since structure qualities may differ from design due to construction errors. Therefore, predictions are often inaccurate. Consequently, which repair/strengthening should be performed and their timings are very difficult to determine. Information acquired using several types of inspection techniques, such as ultrasonic testing, infrared thermography, etc., is useful for addressing this problem. A more accurate prediction can be obtained by inspecting the actual structure, but random inspections are not useful since the entire structure should be maintained. If the influence of inspection on the accuracy of prediction results can be quantitatively evaluated, then an efficient inspection plan that prioritizes structures can be developed.
The repair-risk method is proposed to evaluate the effects of inspection on the accuracy of predicted results. The methodology of the repair-risk plan is explained below.
What is uncertain information?
In this research, corrosion-induced damage due to salt attack, which causes serious deterioration of concrete structures in Japan and can be predicted with moderate accuracy, was selected to evaluate the effect of inspection on the accuracy of predicted results. Figure 2 shows the deterioration process of corrosion-induced damage due to salt attack. The reinforcing bar begins to corrode at the end of Stage 1. According to "Standard specification for concrete structures" (JSCE (2005)), Stage 1 is defined as the time required for the Cl -content on the surface reinforcing bar to reach 1.2 (kg/m 3 ). A concrete crack induced by corrosion of the reinforcing bar is generated at the end of Stage 2. Although the typical threshold amount of corrosion for crack onset depends on the bar diameter and cover concrete thickness, it is approximately 10 (mg/cm 2 ). To simulate Stage 1, diffusion analysis based on Fick's second law was applied and Stage 2 was simulated using the model proposed by Matsumura et al. (1999) . This proposed model was based on regression analysis of a lot of experimental data-sets. 
2 To predict the deterioration degree of corrosion-induced damage due to salt attack using the above-mentioned model, the following information is required: 1) the apparent diffusion coefficient of Cl -on cover concrete, 2) the cover concrete thickness, and 3) environmental conditions (the Cl -content on surface concrete and relative humidity).
The Cl -content on surface concrete is governed by environmental conditions such as distance from the seashore, wind, temperature, humidity, and so on. Therefore, the Cl -content on surface concrete should be determined by considering the environmental conditions. There is little research on the Cl -content on surface concrete. As a result, the Cl -content on surface concrete cannot be automatically determined according to the environmental conditions. Therefore, in this study, the Cl -content on surface concrete was determined using the distance from seashore based on JSCE (2005) . Furthermore, it is very difficult to set up relative humidity precisely because relative humidity changes drastically with the weather. In this research, the relative humidity was set to a constant value (80%), but this will remain a problem in the future.
Consequently, the above model requires the following information to predict the degree of corrosion-induced deterioration due to salt attack: 1) the apparent diffusion coefficient of Cl -on cover concrete, and 2) the cover concrete thickness. The actual values of these two pa- rameters differ from the design values due to construction errors, such as poor consolidation, segregation, poor curing, etc. As a result, these two parameters are uncertain information. Applied models involve uncertainty because the influence of parameters on the prediction results (sensitivity of parameters) depends on the applied model. A large number of models have been proposed to predict corrosion-induced damage due to salt attack. However, which model can predict with the best accuracy has not been clarified. The purpose of this research is the proposal of methodology to evaluate the effect of inspection. The detailed parts of the proposed model, such as the applied model, setup of uncertain information, etc., are provided only as examples.
Setup of uncertain information
The apparent diffusion coefficient of Cl -and the cover concrete thickness are uncertain information. The following sections describe how each factor was determined.
Determining apparent diffusion coefficient of Cl -
There are numerous measurements on the apparent diffusion coefficient of Cl -. However, these results cannot be directly compared since different methods were used to calculate the apparent diffusion coefficient of Cl -. To resolve this problem, Maeda et al. (2002) reanalyzed 1500 data sets that had been reported in the last 27 years using the same method for each data set. Figure 3 shows an example of a reanalyzed result and the relationship between W/C and the apparent diffusion coefficient of Cl -(D Cl ). It was determined that the standard deviation of D Cl is quite large since D Cl is affected by several factors, including construction error, mix-proportion, material properties, and so on. Ishida et al. (2001) quantitatively analyzed the variation in concrete quality in a concrete structure using a test specimen that assumed the actual concrete structure. They concluded that the variation coefficient of carbonation speed is approximately 30 (%) due to construction errors. Thus, the variation in the apparent diffusion coefficient of Cl -due to construction error was 30 (%) of the design value based on the previous research result (Ishida et al. (2001) ). The design value of the apparent diffusion coefficient of Cl -was also calculated based on the previous research result ( Kato et al. 2005) .
Determining the cover concrete thickness
It is very difficult to quantitatively evaluate the variation in cover concrete thickness due to construction errors. The variation was determined based on investigation results (Tanimura et al. 2003) . The numbers of measurement parts are listed in Table 1 . Figure 4 shows the average deviation in the cover concrete thickness from the design value due to construction errors. A positive value of the vertical axis indicates that the cover concrete thickness is thicker than the design value and a negative value means the cover concrete thickness is thinner than the design value. The vertical axis shows the measurement parts. Figure 5 shows the standard deviation of the cover concrete thickness due to construction errors. "Ave", "Max" and "Min" in the explanatory notes were calculated by the following equation.
where C isn : (measurement value minus design value), n is : number of measurements on side (s) in member (i), R is : average value of C isn on side (s) in member (i), S is : standard deviation of C isn on side (s) in member (i)n i : number of measurement sides in member (i), i: A-H member, s: side, n: measurement part Based on these investigation results, the variations in the cover concrete thickness due to construction errors were determined using the following procedures.
[Maximum of R is ( in Fig. 4) plus maximum of S is ( in Fig. 5) concrete thickness when C isn is larger than 0. [Minimum of R is ( in Fig. 4 ) minus maximum of S is ( in Fig. 5) ] of each side was also calculated. The average of the calculated values was defined as A-min. A-min means the average value of the maximum variation in the cover concrete thickness when C isn is smaller than 0. The average value of A-max and absolute value of A-min were defined as the "variation in the cover concrete thickness due to construction errors (A-all in Table 2 )," which is assumed to be three times the standard deviation of the cover concrete thickness due to construction errors (3 , : standard deviation in Table 2 ). Table 2 lists the calculated results. The design values of the cover concrete thickness of the investigated structures were from 30 to 50 (mm), so that the coefficients of variation were from 17 to 28 (%). In this research, the coefficient of variation of the cover concrete thickness due to construction errors was set to be 20 (%) based on this calculated result.
4. Designing an inspection plan using the repair-risk method 4.1 Predicting corrosion-induced damage due to salt attack with uncertain information Prediction corrosion-induced damage due to salt attack with uncertain information was executed with the following method. 1) The variation in the apparent diffusion coefficient of Cl -(D Cl ) and the cover concrete thickness (T c ) are based on the method described in Chapter 3. 2) 1000 pairs (D Cl , T c ) are generated using a Monte Carlo simulation. 3) Crack generation time due to corrosion is calculated based on Chapter 2 and (D Cl , T c ). 4) The calculation result is expressed as a probability density distribution. Table 3 lists the calculation conditions. The crack generation time (CGT) in Table 3 indicates the prediction result using design value (D Cl , T c ).
It is thought that a maintenance management plan can be designed using the maximum likelihood value obtained from the calculated result. Figure 6 shows the calculated results. The probability density distribution of CGT depends on the setting conditions, but an appropriate repair time cannot be determined since CGT cannot be fixed. Thus, it is very difficult to develop an effective maintenance management plan based on these prediction results since the probability density distribution vastly differs for each case.
Repair-risk
The total repair cost during the life cycle of a structure was calculated based on the following conditions. -Repair method: A-method (cost = 1, validity term = 20 (years)) -Service period: 100 years -Periodic inspection are conducted every 5 years In this research, the effect of repair was assumed to be cover concrete thickness from design value. Table 2 Calculated result of standard deviation in the cover concrete thickness (mm).
A-max A-min A-all
Standard deviation ( ) 32.1 -18.6 25.4 8.5 Table 3 Calculation conditions.
Environmental condition W/C Tc (cm) CGT (year) Case1
Splash zone 0.5 7.5 11 Case2
Splash zone 0.4 10 27 Case3 100 m from seashore 0.5 7.5 27 Case4 500 m from seashore 0.6 5 44 Case5 500 m from seashore 0.5 7.5 77 Case6 250 m from seashore 0.4 10 85 constant regardless of calculation conditions. Therefore, repair work is to be repeated every 20 years after the first repair work. Strictly speaking, the validity term of repair should change depending on the environmental conditions. However, repair design, for example, selection method of appropriate repair methods corresponding to environmental conditions, prediction of deterioration of repaired concrete, etc., has not been established at this time. It is therefore difficult to consider the effect of repair corresponding to the environmental conditions in this proposed method at present. We plan to improve the proposed method through the establishment of repair design in the future. Figure 7 shows a sample calculation for the total repair cost with a cumulative CGT probability. For instance, the total repair cost is 5 when CGT is less than 20 years. Based on this calculation result, the relationship between the total repair cost and the cumulative probability can be obtained (Fig. 8) . The scheduled repair cost for each case is calculated based on CGT in Table 3 . For example in Case 1, CGT is 11 years so that the first repair work should be done at that time. After that, repair work should be repeated every 20 years until the end of the service period based on the above-mentioned assumption. As a result, the total number of repair works is 5 times and the total repair cost can be obtained as 5. Table 4 shows the calculated results.
The difference between a scheduled repair cost and the actual repair cost is calculated by comparing Fig. 8 and Table 4 . A structure can be safely managed without monetary concerns if the probability that the actual repair cost is lower than the scheduled repair cost is high. Such a situation may seem to be risk-free. However, according to ISO/IEC Guide 73 (2002) , risk is "the combination of the probability of an event and its consequences." The ISO/IEC guide notes that "consequences can range from positive to negative" and "in some situations, risk arises from the possibility of deviation from the expected outcome or event." This definition could be thought to apply to repair cost, as follows. The budget for repair works remains partially unspent if the actual repair cost is lower than the scheduled repair cost. This situation is not per se a problem when thinking only in terms of repair work. However, if the existence of a left-over budget is clarified beforehand, the remainder can be invested in other things such as the development of new businesses and new technologies. Such a situation presents risks from a socioeconomic point of view. Therefore, the risk regarding the repair cost (repair-risk) can be defined as "the degree of difference from the scheduled repair cost" and expressed as the following equation.
Repair-risk density = ( Scheduled repair cost -actual repair cost probability density) i where probability density: probability density of CGT (Fig. 6) The necessity of repair is usually assessed after a periodic inspection. Therefore, the repair-risk density is calculated at the same interval as the periodic inspection (5 years) and the repair-risk is defined as the sum of the repair-risk density until the end of the service life of the structure. Moreover, when the service period has passed (t years), the fact that it was not necessary to perform repairs until t (year) is obtained. Therefore, the repair-risk is defined as the sum of the repair-risk density from t (years) to the end of the service life (100 (years)). Figure 9 shows the calculated results from the repair-risk method. In this case study, the repair-risk is the highest for Case 5, while Case 1 has the lowest repair-risk throughout the service life of the structure. In Case 1, the deviation in CGT from the design value is the lowest (Fig. 6) . As a result, the repair-risk of Case 1 is the lowest of all cases. On the other hand, the deviation of Case 5 in CGT from the design value is very high (Fig. 6) . It is almost the same as that of Case 6. However, the calculation result of the repair-risk differs for these two cases differ, owing to the difference in scheduled cost. The influence of concrete quality variations on repair cost can be quantitatively evaluated using the repair-risk method.
Selecting inspection items and evaluating the accuracy of the inspection method
Executing various inspections reduces the degree of variation in concrete quality. In this section, the effect of the inspections is evaluated using the repair-risk method.
If the actual D Cl and T c values are the same as the design values, then the repair-risk following the execution of inspections can be calculated. Figure 10 shows sampled calculation results. "C1" and "C5" mean Case 1 and Case 5, respectively. "Un" indicates the calculated result before inspection. "Tc" means that the inspection only measured T c , while "DCl" indicates that the inspection only measured D Cl . For Case 1, measuring T c can greatly decrease the repair-risk over a service period (= 20 (years) ) and measuring D Cl can decrease the repair-risk after 20 (years). However, for Case 5, the repair-risk is almost the same as "Un" even if D Cl is measured. Based on these facts, it is concluded that the items to be inspected can be prioritized by using the repair-risk method. In this case study, it was more effective to measure T c . However, the evaluation results clearly depend on the degree of variation for each items (T c , D Cl ) used to predict the concrete structure deterioration. Therefore, measuring T c in actual situations is not always effective. It is emphasized that the purpose of this research is to propose a methodology that evaluates the effect of executing inspections. The repair-risk method can also quantitatively evaluate how accurate the inspection method is for the repair cost risk. The calculated result in Fig. 10 assumes that the coefficient of T c variation becomes 0 (%) when inspections are performed. Herein, the repair-risk for each case is calculated assuming that the inspection methods can decrease the coefficient of T c variation from 20 (%) to 14 (%) and 9 (%). Thus, these values fail to simulate actual inspection methods. Here, in order to grasp the sensitivity of the accuracy of the inspection method, the coefficient was negligently set. The coefficient should be set according to the actual accuracy of the inspection if this method is to be applied to the actual situation. Figure 11 shows the calculated results and indicates that the accuracy varies depending on the inspection method. Therefore, if the accuracy of the applied inspection method is known, its effect can be quantitatively evaluated by the proposed method.
Prioritizing structures to be inspected
It is clear that executing inspections can decrease the repair-risk. The difference between the repair-risk before and after an inspection quantifies the inspection value. Figure 12 shows the calculated results for the inspection value when T c is measured. From this figure, the value of the inspection for Case 5 is highest throughout the service life, but the inspection values change with time in the other cases. For example, when the evaluation is executed with a service period = 20 (years), the inspection value decreases in the order of Case 5, Case 4, Case 2, Case 3, Case 6, and Case 1. Therefore, it is concluded that the repair-risk method can prioritize which structures to inspect.
Conclusions
In this research, a repair-risk method was proposed to quantitatively evaluate the effect of inspection on the accuracy of predicted results. The repair-risk method, which was calculated using the predicted results for concrete deterioration due to corrosion-induced damage from salt-attack, was proposed. The repair-risk method also considers the variations in concrete quality and the risk curve of the repair cost. Even when multiple structures are to be managed, an inspection plan (selecting inspection items, evaluating the accuracy of the inspection method, and selecting structures) can be designed using the proposed method.
The main purpose of this research is to develop new, effective methodology that maintains multiple concrete structures. The calculated results of each case depend on how the concrete quality variations are determined. Methodology on how 1) to determine the variation in the concrete quality, 2) to evaluate the effect of environmental conditions, and 3) to select the repair method that corresponds to the concrete deterioration, will be proposed in a future method. In addition, the proposed method will be improved so that the cost-effectiveness of the inspection can be quantitatively evaluated.
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